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TECHNICAL MEMORANDUM X-378 

CONVECTIVE HEAT TRANSFER TO A BLUNT L I F T I N G  BODY* 

By John 0 .  Reller, Jr., and H. Lee Seegmiller 

An investigation has been made of the convective heat-transfer char- 
acteristics of a blunt lifting shape and of some of the effects of 
enthalpy level on local heating rates. Measurements in conventional and 
shock-driven wind tunnels at Mach numbers f r o m  5 to 9 and stagnation 
enthalpies up to 5,300 Btu/lb are compared with theoretical predictions 
at Mach numbers and enthalpies characteristic of the high-heating por- 
tion of a typical entry trajectory. The distribution of heating rates 
around a blunt lifting shape is shown to be relatively unaffected by 
enthalpy level and to compare favorably with theory for equilibrium 
real-gas flow. It is also shown that control surfaces extending out 
f r o m  the body surface can experience heating rates which exceed those 
occurring in the body stagnation region. 
ible to predict equilibrium convective heat transfer to most body and 
control surfaces of fill-scale blunt lifting shapes during the high- 
heating portion of an entry trajectory by use of existing theory, along 
with experimental surveys at relatively low enthalpy levels. 

In general, it appears feas- 

INTRODUCTION 

A class of relatively blunt shapes which develop sufficient aero- 
dynamic lift during atmosphere entry to gain some flexibility of opera- 
tion has been discussed in reference 1. However, these shapes give rise 
to more complex aerodynamic-heating problems than do simple ballistic 
vehicles since the shapes themselves are more complicated and since 
either angle of attack or  contrw-deflection angle may be varied in 
flight to achieve the desired trajectory. 
tude may cause substantial variations in heating on both body and con- 
trol surfaces. The purpose of the present investigation is to examine 
this situation as it relates to a blunt, 30' half-cone shape, introduced 
in reference 2, and to inquire into methods by which its heating charac- 
teristics can be predicted or measured. 

Such changes in flight atti- 
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SYMBOLS 

reference area 

drag coefficient 

pressure coefficient 

specific heat at constant pressure 

drag force 

maximum body diameter 

enthalpy 

;1 
(Taw - Tw)* 

heat -transf er coefficient , 

thermal conductivity of gas 

lift force 

axial distance from nose of body 

Mach number 

Stanton number, h/pUcp 

cPp/k Prandtl number, 

heat-transfer rate 

surface distance from geometflc stagnation point, or circum- 
ferential surface distance from lower meridian 

temper at ur e 

time 



U velocity 

W glide weight 

Y distance normal to body surface 

U angle of flat top surface relative to free-stream direction 

6 controi-defiection a g l e  

P density of gas 

CI absolute viscosity 

Subscripts : 

aw adiabatic wall 

d referenced to maximum body diameter 

r based on nose radius of curvature 

S stagnation 

W wall, body surface 

2 referenced to conditions behind normal shock 

TE trailing edge 

RESULTS AND DISCUSSION 

3 

Typical Entry Trajectory 

The convective-heating-rate history of the blunt, 30' half-cone 
shape of the present investigation in a typical entry trajectory from 
a circular orbit is shown in figure 1. The body has a maximum diameter 
of 10 feet, a value of 
drag ratio of 0.33. Stagnation heating rate 4, and enthalpy Us are 

shown as a function of time from the initiation of entry to indicate the 
range of heating conditions encountered. 
70 Btu/(sq ft)(sec), with stagnation enthalpies up to 12,000 Btu/lb. 
heating curve has a flat, dished region due to a slow oscillation or 
"skip" imposed by the requirement (in this trajectory) of a constant 
L/D glide following the prescribed reverse-thrust phase. At several 

W/C$ of 95 lb/sq ft, and develops a l i f t -  

Maximum heating rates are about 
The 
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locations on the heating-rate curve are shown the flight Mach numbers, 
while the corresponding Reynolds numbers based on body diameter are 
presented in a table on the figure. 
between M = 26 and M = 14, as Rd increases from 70,000 to just over 
1/2 million. 
expected that boundary-layer flow would be essentially laminar. 

Maximum heating is seen to occur 

In this relatively low Reynolds number range, it is 

One additional point must be mentioned with regard to the convec- 
tive heat-transfer environment. 
rium state of the gas. 
Research Center by Paul M. Chung show that, for the range of flight con- 
ditions indicated in figure 1, both the inviscid flow and the viscous 
boundary-layer flow enveloping much of the body can depart substantially 
from the equilibrium real-gas state because of the time lag in chemical 
recombination. The resultant effect on local heating rates will not be 
large, however, if the surface is highly catalytic in the sense that it 
promotes recombination. In fact, for the case of a relatively cold 
metallic surface (less than 2,000' R) the heating rates should approach 
those for equilibrium flow as an upper boundary. If the surface is 
noncatalytic, for example, a plastic or a glass, a considerable reduc- 
tion in local heating rates can occur because of the lag in recombination 
at the surface. 

This point has to do with the equilib- 
The results of an investigation conducted at Ames 

From these considerations then, the heating characteristics of this 
configuration can be studied in conventional wind tunnels, provided the 
direct effects of enthalpy level can be determined. 
of these effects, tests were conducted with the model shown in figure 2. 
The configuration is essentially one-half of a blunt cone with a semiapex 
angle of 30'. 
from the body center line. 
shown in a subsequent figure. 
aerodynamic force and moment characteristics of this configuration; addi- 
tional information will be found in reference 3. Tests were conducted 
in the Ames 10- by 14-inch supersonic wind tunnel at and at the 
low value for 
shock tunnel at M N 9 and Hs % 4,000 Btu/lb. (Note that this latter 
enthalpy corresponds to a Mach number of about 12 in the flight trajectory 
of fig. 1.) In both test facilities, thin shell models were used to 
obtain heating rates by the transient temperature technique. 
couple signals were first amplified and then recorded by an oscillograph. 

To determine some 

Flap-type controls extend from the base and are offset 

Reference 1 has presented a few of the 
Elevon controls were also tested and are 

M = 5 
Hs of 160 Btu/lb and in the Ames 1- by 1-foot hypervelocity 

Thermo- 

Figure 3 presents two self-illuminated time exposures of one of 
these models in the shock tunnel. 
both controls can be seen the bright glow of the shock-heated incandescent 
gas. The outline of the body shock wave can be seen, while in figure 3(b) 
the rear of the model is illuminated by reflected light from the support 
system. The camera shutter wits closed at about 100 milliseconds after 

In the vicinity of the body and over 

L 
1 
0 
9 
4 

. 



5 

L 
1 
0 
9 
4 

V 

t h e  start of flow, a t  which time the  model w a s  s t i l l  enveloped i n  t h e  
high-enthalpy airstream. 
condition i s  only about one-third the  maximum value des i red  f o r  t he  
present study, it i s  s u f f i c i e n t l y  high t o  ind ica te  some of t he  t rends 
i n  heat  t r a n s f e r  with enthalpy. Reynolds numbers were s u f f i c i e n t l y  low 
i n  both f a c i l i t i e s  so t h a t  boundary-layer flow was apparently laminar 
i n  a l l  cases.  

Although the stagnation enthalpy f o r  t h i s  t e s t  

Stagnation Heat Transfer 

Some of t h e  r e s u l t s  obtained i n  these tes ts  a s  they relate t o  
stagnation-point heat  t r a n s f e r  a re  shown i n  f igu re  4 i n  which the  dimen- 
s ion less  hea t ing  parameter (NSt)2(Npr)g 2/3 (Rr)>/2 i s  shown a s  a func- 

t i o n  of s tagnat ion enthalpy. 
behind t h e  normal shock wave with high-temperature gas proper t ies  evalu- 
a ted  from reference 4. 
da ta  f o r  t h e  present  configuration, and t h e  square tes t -poin t  symbols 
represent  t e s t s  of t h e  Pro jec t  Mercury capsule configuration a t  the  Ames 
Research Center both i n  t h e  10- by 14-inch supersonic wind tunnel  and t h e  
2-inch hypervelocity shock tunnel at s tagnat ion en tha lp ies  between about 
5,000 and 5,300 Btu/lb. The da ta  a re  compared wi th  t h e  theory of Fay and 
Riddel l  ( r e f .  5 )  which was applied t o  a wide range of conditions (M from 
4 t o  26 and Hs 
th ree  t e s t  f a c i l i t i e s  and the  f l i g h t  t r a j ec to ry  shown previously.  Also 
shown i n  f igure  4 a re  the  two Mach numbers, 14 and 26, which bracket  the 
high heat ing por t ion  of t he  t r a j e c t o r y  shown i n  f igu re  1; the t e s t  da t a  
extend i n t o  t h e  lower p a r t  of t h i s  region. 
which shows only a moderate dependence on enthalpy, i s  represented by 
t h e  shaded region. This shaded area ind ica tes  a spread of k5 percent 
i n  t h e  t h e o r e t i c a l  estimates which may, i n  p a r t ,  be due t o  our imperfect 
knowledge of t he  real-gas propert ies .  Theory and experiment a r e  i n  good 
agreement both a t  t h e  low enthalpies  and at moderate enthalpies  from 
4,000 t o  5,000 Btu/lb. Indeed, t he  experimental r e s u l t s  seem t o  support 
t h e  ind ica ted  t h e o r e t i c a l  trend. These r e s u l t s  suggest, then, t h a t  t he  
est imat ion of heat ing rates t o  t h e  stagnation region of a fu l l - sca l e  vehi- 
c l e  of the blunt  b a l l i s t i c  or l i f t i n g  type during the  high heating por- 
t i o n  of an en t ry  t r a j e c t o r y  should be possible  w i t h  reasonable accuracy. 

The parameter i s  referenced t o  conditions 

The c i r cu la r  tes t -point  symbols on f igu re  4 are 

from 160 t o  almost 12,000 Btu/lb) t h a t  pe r t a in  t o  the 

The t h e o r e t i c a l  var ia t ion ,  

Heating- Rate Distr ibut ion 

Top and bottom body meridian a t  a, = Oo.- The d i s t r i b u t i o n  of 
heat ing rate over t he  surface of t h e  body was a l s o  invest igated.  Local 
heat ing r a t e s  a t  
sented i n  f igure  5 a s  a function of normalized surface dis tance along 
t h e  top and bottom meridian of t h e  body. Heat-transfer da ta  obtained 

a = Oo, referenced t o  t h e  s tagnat ion value, are pre- 

-: 'fll. 
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i n  the low-enthalpy airs t ream ( c i r c u l a r  tes t -poin t  symbols) a r e  compared 
with the theor ies  of Lees ( r e f .  6) and Van Driest  ( r e f .  7) f o r  a laminar 
boundary layer.  
ured surface pressures of reference 3 and a r e  i n  general agreement with 
t h e  measured heating r a t e s .  One exception, however, i s  the  point  on the  
s m a l l  upper radius of the nose, where the measured rate exceeded the  
stagnation-point value. Now, it should be noted t h a t  the low-enthalpy 
t e s t  r e s u l t s  were obtained i n  the form of heat- t ransfer  coef f ic ien ts .  
However, by referencing the l o c a l  coef f ic ien t  t o  the s tagnat ion value as 
the  r a t i o  h/hs and by using the  "cold w a l l "  assumption, these d a t a  f o r  

t h i s  blunt shape can be in te rpre ted  as the r a t i o  of heat ing r a t e s  i/&.. 
A s  such, they are comparable, within the experimental accuracy, with the  
heating-rate r a t i o s  obtained i n  the high-enthalpy tests and from theory. 

The t h e o r e t i c a l  r e s u l t s  were obtained by using t h e  m e a s -  

The square tes t -poin t  symbols i n  t h e  f igure  represent r e s u l t s  
obtained i n  the Ames 1- by 1-foot hypervelocity shock tunnel  i n  a stream 
whose enthalpy was about 4,000 Btu/lb. A s  can be seen i n  t h e  f igure  the  
agreement between the  two sets of da ta  i s  qui te  favorable i n  t h e  stagna- 
t i o n  region and on the  lower surface.  On the  upper surface,  t h e  high- 
enthalpy data  a re  subs tan t ia l ly  lower, a f a c t  which is  a t t r i b u t e d  t o  
t h e  r e l a t i v e l y  lower pressure l e v e l  i n  t h i s  region caused by t h e  d i f f e r -  
ence i n  Mach number as w e l l  as i n  enthalpy l e v e l .  

D 

* 

Finally,  i n  t h i s  f igure  t h e  dashed l i n e s  represent t h e  heating 
d i s t r i b u t i o n  at the conditions of M = 22 i n  the  reference t r a j e c t o r y .  
It w i l l  be  reca l led  t h a t  M = 22 i s  i n  t h e  region of maximum convective 
heating f o r  t h i s  t r a j e c t o r y .  
of Kemp, Rose, and Detra (ref. 8) with the  use of Newtonian pressures,  
and tha t  of Romig and Dore ( r e f .  9) f o r  both Newtonian and blast-wave 
pressures ( r e f .  10) .  Subs tan t ia l  agreement with t h e  previous r e s u l t s  
i s  apparent although these equilibrium real-gas predict ions a r e  somewhat 
lower on the conical sect ion.  On t h e  top  surface,  the  predict ions f o r  
M = 22 
i s  more r e a l i s t i c .  

These r e s u l t s  were obtained from t h e  theory 

bracket the  shock tunnel  data,  and it i s  d i f f i c u l t  t o  say which 

Circumferential d i r e c t i o n  a t  a = Oo.- The v a r i a t i o n  of l o c a l  
heating rates i n  a circumferent ia l  d i r e c t i o n  a t  severa l  loca t ions  on 
the  body i s  shown i n  f igure  6 f o r  a = Oo. The symbol S represents  
surface dis tance from t h e  lower body meridian, while ST i s  one-half 
t h e  loca l  circumference. The symbols 2 and lT r e f e r  t o  a x i a l  d i s -  
tances.  The conical region, the  t o p  leading edge, and t h e  f l a t  top 
surface of the  body are i d e n t i f i e d  i n  t h e  f igure .  
both enthalpy levels ,  
f o r  a laminar  boundary l a y e r  i s  presented f o r  t h e  rearward posi t ion,  
2 / 2 ~  = 0.75. 
favorably with the  t h e o r e t i c a l  predict ion,  which i s  based on measured 

Data are shown f o r  
Hs = 160 and 4,000 Btu/lb, while ideal-gas theory 

The low-enthalpy da ta  a t  t h i s  loca t ion  are seen t o  compare 
w 

L 
1 
0 



a 

0 

pressures .  Also a t  Z/zT = 0.45 t he  high- and low-enthalpy data 
are i n  agreement i n  t h e  conical  region. On the  leading edge and top  
surface,  t h e  high-enthalpy data f a l l  considerably below the  heating- 
r a t e  l e v e l  f o r  the low-enthalpy data,  a f a c t  which has been noted pre- 
viously i n  f igu re  5 .  
does not experience high heating r a t e s ,  a t  l e a s t  a t  t h i s  angle of a t tack ,  
desp i te  i t s  r e l a t i v e l y  s m a l l  radius  of curvature. 
d i s t r i b u t i o n  i n  t h i s  region i s  s i m i l a r  t o  t h a t  f o r  a yawed cyl inder .  

Notice a l so  t h a t  the top  leading edge of t he  body 

I n  f a c t ,  t h e  heat ing 

Variat ion with angle of a t tack . -  The varitltiori of l o c a l  heati~g 
r a t e s  a t  several  po in ts  on the  body with angle of a t t a c k  i s  presented 
i n  f igu re  7. Angle of a t t ack  a i s  measured r e l a t i v e  t o  t h e  top  sur- 
face.  Figure 7(a) shows the  loca t ions  and tes t -poin t  symbols f o r  t h e  
da ta  i n  f igu re  7 (b ) .  The angle-of-attack range from -17' t o  7' repre-  
s en t s  trimned f l i g h t  a t  L/D r a t i o s  from 0.2 t o  0.5. The top  curve 
shows da ta  f o r  t h e  tangent point  of the  small upper nose rad ius ,  where 
r a t e s  up t o  20 percent above the  normal s tagnat ion value were measured. 
The square and t r i angu la r  tes t -poin t  symbols represent  loca t ions  about 
halfway around the top  leading edge; the first,  on the meridian l i n e  
where t h e  leading-edge sweep i s  Oo, and the second, farther back where 
t h e  leading-edge sweep i s  60'. Despite the small radius  of curvature, 
t h i s  region i s  not a c r i t i c a l  heating area.  Other curves show t h e  
expected t rends  f o r  the lower conical  and cpper f l a t  surfaces .  The s o l i d  
diamond t e s t -po in t  symbols a t  a = Oo and a = 4O, which are shock- 
tunnel  da t a  poin ts  f o r  t he  conical  surface, should be compared w i t h  the  
dashed curve, which i s  the low-enthalpy heating l e v e l  f o r  t he  sam 
loca t ion  on t h e  body. 

combined Mach number and enthalpy e f f ec t  noted previously.  
these r e s u l t s  show that  angle of a t tack  does not have a pronounced e f f e c t  
on hea t ing  rates f o r  t he  blunt  body tes ted .  

High-enthalpy data f o r  the  leading edge and t 
surface a r e  lower than comparable low-enthalpy values because of \ the 

I n  general ,  

Summary statement.- On t h e  basis of t h e  r e s u l t s  discussed so far, 
i n  p a r t i c u l a r ,  t h e  stagnation-point correlat ion,  the  s i m i l a r i t y  i n  
heat ing-rate  d i s t r i b u t i o n  a t  severa l  enthalpy l eve l s ,  and the general  
agreement between theory and experiment i n  regions where r e l i a b l e  com- 
par isons can be made, it appears that low-enthalpy heat ing-rate  measure- 
ments can be used as a b a s i s  from which t o  pred ic t ,  wi th  reasonable 
accuracy, t h e  fu l l - s ca l e  equilibrium convective-heat-transfer r a t e s  
over most of t h e  surfaces  of a blunt  l i f t i n g  shape. 
however, t h a t  i n  f l i g h t  a noncatalytic w a l l  condition may reduce t h e  
ac tua l  heat ing r a t e s  below these  predicted values. ) 
t o  t h i s  general  statement a re  regions of separated flow, such as a t  the 
base of t h i s  configuration. 
only been measured a t  t h e  low-enthalpy l eve l .  
1 t o  5 percent of t he  stagnation heating r a t e .  
are not conclusive, however, s ince extrapolat ion t o  the  enthalpy l e v e l  

(It must be reca l led ,  

Probable exceptions 

Heating rates i n  th i s  region have, t o  date ,  
Recorded values were from 

These preliminary r e s u l t s  
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of the f u l l - s c a l e  vehicle involves nonequilibrium real-gas e f f e c t s  t h a t  
a r e  d i f f i c u l t  t o  pred ic t .  L 

Control-Surface Heating 

Body pressure f i e l d . -  Before the  heat- t ransfer  c h a r a c t e r i s t i c s  of 
the  flap-type controls are examined, t h e  flow f i e l d  surrounding t h e  body 
i n  which the  controls  operate w i l l  be considered. Some r e s u l t s  from a 
pitot-pressure survey rake located a t  t h e  base of the  body and repre- 
sentat ive measured control  pressures a r e  presented i n  f igure  8. 
abcissa i n  both p a r t s  of t h e  f igure  i s  a nondimensional dis tance normal 
t o  the body surface.  Consider f irst  the  pitot-survey-rake data  shown 
i n  the l e f t  p a r t  of t h e  f igure .  
t h e  low-energy a i r  or ig ina t ing  a t  the  normal or near ly  normal port ion 
of the  body shock wave was apparently confined f o r  t h e  most p a r t  t o  a 
t h i n  layer  a t  the  body surface.  
pressure coef f ic ien t  must r i s e  from a value near 1.8 at  t h e  edge of t h e  
boundary layer  t o  the  measured value of 4.8 a t  t h e  loca t ion  of the  f i rs t  
o r i f i c e .  
5.2 f o r  i sen t ropic  compression behind t h e  oblique shock wave generated 
by the  conical  surface.  
i s  approached since the l o c a l  Mach number i s  increasing. The lower 
l i m i t  (dashed l i n e )  corresponds t o  t h e  p i t o t  -pressure coef f ic ien t  f o r  
the  Mach number j u s t  behind the  oblique shock wave. The two outermost 
o r i f i c e s  were outside of t h e  body shock wave and recorded normal shock 
pressures. 

The 

A t  t h e  bottom and s ide  of t h e  body, 

In  t h i s  area, a t  Y/d < 0.04, t h e  

This l a t t e r  value approaches t h e  t h e o r e t i c a l  l i m i t  of about . 
The measured values decrease as t h e  shock wave 

For the upper p i t o t  survey rake, a l l  four  o r i f i c e s  were within t h e  
body shock wave and recorded a gradually r i s i n g  pressure with increasing 
va&e of Y. 
value (from Prandtl-Meyer expansion of flow behind normal shock) a t  t h e  
body surface, Y = 0. 
downstream of a continuously curving shock wave. 

The curve through t h e  da ta  fa i r s  i n t o  the  t h e o r e t i c a l  

Such pressure v a r i a t i o n  w9uld be expected 

On t h e  r i g h t  s ide of f igure  8, t h e  range of pressures measured on 
the  flap-type controls i s  presented i n  coef f ic ien t  form. The parameter 
YTE/d i s  t h e  nondimensional distance,  normal t o  the  body surface,  t o  
the f l a p  t r a i l i n g  edge. The upper and lower s o l i d  curves i n  each s e t  
a re ,  respectively,  the maximum and minimum pressure curves. The v e r t i -  
c a l  bars and tes t -poin t  symbols correspond t o  measured d a t a  a t  control-  
def lect ion angles of Oo, 30°, 600, and 90' on the upper control  and Oo, 
30°, and 60° on the  lower, where 6 i s  neasured from a normal t o  the  
base of the  model. The dashed port ion of the  curves f o r  t h e  lower con- * 
t r o l  i s  an extrapolation t o  
shown i n  t h e  l e f t  par t  of the  f i g u r e .  
experienced higher pressures.  Note t h a t  a t  high def lec t ion  angles both 
t h e  upper and lower controls  were subject t o  pressures i n  excess of the  

6 = goo based on the  two t h e o r e t i c a l  l i m i t s  
I n  general, t h e  lower control  

b 
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* normal s tagnat ion value and t h a t  l a rge  gradients  occurred. These r e s u l t s  
are r e l a t e d  t o  the  extension of the  controls  i n t o  the  high-energy flow 
discussed previously, which passes through the  oblique port ions of t h e  
body shock wave. This of course implies t h a t  t he  low-energy l a y e r  which 
o r ig ina t e s  i n  the  normal shock region a t  the  nose does not p ro tec t  t h e  
cont ro ls  i n  t h e  same fashion that it does the  body surface.  This e f f e c t  
is  a t t r i bu ted ,  i n  par t ,  t o  a two-dimensional flow over the  cont ro ls  from 
t h e , c e ~ t . e r  toward t h e  edges which bleeds off t he  low-energy l aye r .  

It is  somewhat surpr i s ing  t h a t  t he  upper controls  experienced these  
l a r g e  pressures  s ince  they are not indicated by the  p i t o t  survey rake. 
Note, however, t h a t  t h e  controls  a r e  o f f s e t  from the  body center  l i n e ,  
which i s  t h e  loca t ion  of the  p i t o t  survey rake. 
sure d i s t r i b u t i o n  on t h e  controls  indicated t h a t  a l a rge  pressure gra- 
d i en t  must e x i s t  p a r a l l e l  t o  t he  base, which, i n  combination with the  
cont ro l  o f f s e t ,  would explain t h i s  difference. 
then, it might be expected t h a t  both upper and lower control-surface 
heat ing r a t e s  would a l so  vary widely. 

Inspection of t h e  pres- 

I n  view of these  findings,  

Heat t r a n s f e r  t o  flap-type controls.- Heat-transfer r a t e s  t o  the  
b flap-type controls,  referenced t o  the  body s tagnat ion value, a r e  pre- 

sented as a function of control-deflection angle 6 i n  f igu res  9 and 10. 
The angle 6 is defined by the  small sketches. I n  f igu re  9, experimental 
da t a  and theory are f o r  t he  outboard t r a i l i n g  edge of t h e  controls ,  a t  t h e  
loca t ions  indicated by the  dots  i n  t h e  sketch a t  the  upper r i g h t .  
Three-dimensional laminar boundary-layer theory based on wedge and 
Newtonian impact pressures  is  used f o r  comparison ( s o l i d  curves), w i t h  
l o c a l  Reynolds numbers referenced t o  the length from the  f l a p  leading 
edge. The dashed curves a re  similar heating estimates based on measured 
cont ro l  pressures .  The experimental low-enthalpy heating r a t e s  t o  the  
t r a i l i n g  edge of both the  upper and lower control  ( c i r cu la r  tes t -point  
symbols) are seen t o  depart  subs t an t i a l ly  from those predicted using 
Newtonian theory a t  values of grea te r  than 20' and t o  follow the  
estimated t rend  based on measured pressures. 
indicated heating rate exceeded t h a t  of t he  body s tagnat ion point  a t  a 
value of 6 of about 50°. On t h e  upper control,  the  r e l a t i v e l y  high 
measured values a t  low values of 6 are a t t r i b u t e d  t o  body cross-flow 
ef fec ts .  Two da ta  poin ts  from t h e  shock tunnel a t  6 = 450 a r e  shown 
(square tes t -point  symbols). 
agrees with the  low-enthalpy r e s u l t .  On the  upper control ,  however, a 
considerably higher heating rate w a s  measured, which may be ind ica t ive  
of a change i n  t h e  body cross-flow pa t te rn  a t  the  high-enthalpy tes t  
conditions.  

6 
On the  lower control,  t he  

The measured value on the  lower cont ro l  

4 

I n  f i g u r e  10, the  shaded areas  represent t he  range of heat ing rates 
encountered on the  control  surfaces at each def lec t ion  angle. The da ta  
po in t s  a r e  t h e  same as those shown i n  f igu re  9. Subs tan t ia l  heat ing 
gradien ts  are apparent. The shaded areas ind ica te  t h a t  t he  highest  
heat ing rate w a s  usual ly  for 
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location of t h e  point of maximum heating has been found t o  vary with 
control-deflection angle. Note t h a t  t h e  high-enthalpy da ta  f o r  t h e  
upper control a t  extend i n t o  the  low-enthalpy range of measured 
heating rates. 
control a t  6 = 60° 
value. 

6. 

6 = 45' 
The maximum measured rate f o r  these t e s t s  was on the  lower 

and was 80 percent grea te r  than the  body stagnation 

Heating rates t o  the  lower controls  are presented as a function of 
angle of a t tack  i n  f igure  11. 
Oo, 20°, 300, 450, and 600. 
It i s  seen t h a t  the  general  l e v e l  of heating remains unchanged with angle 
of a t tack,  although the  p a t t e r n  i s  somewhat e r r a t i c .  
behavior has been noticed i n  the measured heating r a t e s  t o  the upper 
controls.  Additional shock-tunnel tests a re  now i n  progress and w i l l  
provide high-enthalpy data  a t  severa l  control-deflection angles and 
several  body angles of a t tack .  Also, a t h e o r e t i c a l  study of both con- 
t r o l  pressures and heating r a t e s  i s  underway t o  evaluate methods of 
predict ing cont ro l  heating r a t e s  at the  f l ight-enthalpy l e v e l .  

Data are shown f o r  def lec t ion  angles of 
The angle-of-attack range i s  from -14O t o  7 O .  

A similar e r r a t i c  

a 

On t h e  b a s i s  of present r e s u l t s ,  it would seem possible t o  extrapo- 
l a t e  control-heating da ta  t o  the enthalpy l e v e l  of t h e  f u l l - s c a l e  vehicle,  
much i n  t h e  same manner as f o r  the  body surfaces.  

Heat t r a n s f e r  t o  elevon controls . -  Some representat ive low-enthalpy 
elevon-heating da ta  are shown i n  f i g u r e  12, where t h e  r a t i o  
given as a function of angle of a t t a c k  f o r  an elevon def lec t ion  angle of 
Oo. A two-view sketch of these controls  giving l i n e a r  dimensions i s  
shown at t h e  r i g h t .  
0.02d, which i s  only 10 percent of t h e  body nose radius .  
sented are  the average of t h r e e  values measured a t  d i f f e r e n t  locat ions 
on the leading edge o r  f l a t  surfaces.  On t h e  leading edge of t h e  control  
there  was considerable var ia t ion  i n  t h e  measured r a t e s ,  and i n  severa l  
instances at negative a one of the  values w a s  i n  excess of  t h e  body 
stagnation heating rate; thus the presence of t h e  high-energy airflow 
discussed previously was indicated.  A s  with t h e  flap-type controls ,  t h e  
var ia t ion of elevon heating r a t e  with angle of a t t a c k  i s  e r r a t i c .  
lower two curves f o r  the upper and lower control  surfaces i n t e r s e c t  near 
a = 0' and appear t o  vary i n  a predictable  fashion with angle of a t t a c k  
a t  values from 0 . 1 t o  about 0.3 of t h e  reference heating r a t e .  Addi- 
t i o n a l  elevon heating da ta  have been obtained a t  def lec t ion  angles from 
-30' t o  TOo. 
and lower-surface heating rates ranging up t o  about 3/4 of t h e  reference 
value. Leading-edge values, on the o ther  hand, were r e l a t i v e l y  unaffected 
by var ia t ion  i n  def lec t ion  angle. 

{/is i s  

It w i l l  be noted t h a t  t h e  leading-edge radius  i s  
The da ta  pre- 

The 

Preliminary inspection of these da ta  has revealed upper- 

L 
1 
0 
9 
4 

These preliminary elevon-heating r e s u l t s  ind ica te  t h a t  a control  of 6 

t h i s  type w i l l  encounter s izable  heat ing r a t e s  on leading-edge and 
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a 

windward surfaces.  Local values can approach or exceed t h a t  measured 
a t  t h e  stagnation point  of the body and would appear t o  r e s u l t ,  as was 
t h e  case f o r  t he  flap-type controls ,  from immersion of t h e  cont ro l  i n  
the  high-energy port ion of t h e  body flow f i e l d  r a t h e r  than i n  t h e  flow 
or ig ina t ing  a t  the  normal shock wave a t  the nose. 

CONCLUDING REMARKS 

T h i s  paper has reported an invest igat ion of t h e  convective heat-  
t r a n s f e r  cha rac t e r i s t i c s  of a b lunt  l i f t i n g  shape and has examined some 
of t he  e f f e c t s  of enthalpy l e v e l  on these heat ing cha rac t e r i s t i c s .  
Heating rates were measured i n  conventional and shock-driven wind tun- 
ne l s  a t  stagnation enthalpies  up t o  5,300 Btu/lb. 
r a t e s  have been cor re la ted  w i t h  theory i n  a manner t h a t  shows only a 
moderate dependence on enthalpy leve l .  
rates around a b lunt  l i f t i n g  shape has been shown t o  be r e l a t i v e l y  
unaffected by enthalpy l e v e l  and t o  compare favorably with theory f o r  
equilibrium real-gas flow. It has fur ther  been shown that  cont ro l  sur- 
faces  extending i n t o  the  flow f i e l d  around a blunt  l i f t i n g  shape w i l l  
encounter r e l a t i v e l y  high-energy airf low and can experience heat ing 
rates which exceed t h a t  occurring a t  t h e  s tagnat ion point  of t h e  body. 
I n  summary of these r e s u l t s ,  it appears feasible t o  use ex i s t ing  theory, 
along w i t h  experimental surveys a t  r e l a t i v e l y  low enthalpy l eve l s ,  t o  
p red ic t  equilibrium convective heat  t r ans fe r  t o  most body and cont ro l  
sur faces  of fu l l - sca le  blunt  l i f t i n g  shapes during t h e  high-heating 
por t ion  of an en t ry  t r a j ec to ry .  

Stagnation-heating 

The d i s t r i b u t i o n  of heating 

Ames Research Center 
Nationd. Aeronautics and Space Administration 

Moffett Field,  C a l i f . ,  April 11, 1960 
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TEST MODEL IN HIGH ENTHALPY AIR STREAM 
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VARIATION OF HEATING RATES ON CONTROL SURFACES 

2 .o 

I .5 

4 
4 s  
- 1.0 

.5 

- M H,, Btu/LB D 5  I60 

4000 

I I I 

0 20 40 60 
I I I 

20 40 60 
6, DEG 

Figure 10 



20 

CONTROL HEATING 
a= -I 4" TO 7" 

1.0 

.8 

4 0 G S 30" T M Hs,BtU/LB 

I60 
.4 - A 9 4000 

- 
4 s  

.2 - 

I I I I I 1 
-20 -15 -10 -5  0 5 I O  0 -  ' 

a, DEG 

1.0 - 

Figure 11 

ELEVON HEATING 
8.0" 

T 
VIEW T O P g l  

.02d\Td 

.8 - 
. RADIUS/ 

7 
.6 - 4 

4 s  
- 

.4 - 

0- 
-15 -10 -5 0 5 IO 

a, DEG 

L 
1 
0 
9 
4 

C 

Figure 12 

NASA - Langley Field, Va. L-10 94 


